The netrin family of axon guidance cues has been shown to play a pivotal role in the guidance of a variety of axon projections during embryonic development, both in the vertebrate and invertebrate. While the guidance potential of netrin-1 has been examined in depth in many regions of the developing mouse brain very little information is available on the expression and activity of netrin-3. Here we show that the netrin-3 protein is present on motor neurons and subpopulations of neurons within sensory and sympathetic ganglia. Moreover, signi®cant levels of netrin-3 protein were found to be associated with the axons projecting from these neurons suggesting a role for netrin-3 in axon path®nding and fasciculation within the peripheral nervous system. q
Results and discussion
Given that netrin-3 is a secreted factor it is important to establish the localization of the netrin-3 protein within the embryo. The necessity for identifying areas of netrin protein localization has recently been highlighted by the ®nding that within the Drosophila embryo the netrin receptor, Frazzled, actively rearranges the position of the netrin protein such that the netrin protein distribution is signi®cantly different to that of the netrin mRNA (Hiramoto et al., 2000) . To determine the pattern of netrin-3 protein localization during embryogenesis we carried out immunohistochemical analysis using an anti-peptide antiserum raised against a unique N-terminal peptide of mouse netrin-3. No signi®cant level of netrin-3 protein was detected in the early spinal cord between embryonic day 9.5 (E9.5) and E11.5 while very low levels were seen at E10.5 to E12.5 in dorsal root ganglia (DRGs) (data not shown) in accordance with the mRNA expression pattern previously reported (Pu Èschel, 1999; Wang et al., 1999) . High levels of netrin-3 protein were detected in motor neurons at E13.5 (data not shown), E14.5 ( Fig. 1A,E ; arrows) and E15.5 (Fig. 1G ) neural tube. Netrin-3 protein was also detected within the DRGs at these ages where the highest level of protein was localized to the subpopulation of large neurons within each ganglion (Fig. 1A ,C,D,F). In the adult these large-diameter DRG neurons mostly possess myelinated axons and respond principally to low-threshold stimuli (Carr and Nagy, 1993) . The speci®city of the anti-peptide antiserum was demonstrated by the ability of the immunizing peptide to fully compete all immunoreactivity from the antiserum (Fig.  1B , insets in Fig. 1F ,G).
Our study clearly demonstrates that netrin-3 protein is also associated with the axons extending dorsally from the DRG towards the most dorso-lateral aspect of the neural tube ( Fig. 1A ,C; arrowhead) and with axons leaving the ventral region of the DRG ( Fig. 1A,D ; arrows). In addition, netrin-3 protein was associated with motor axons extending from the ventral neural tube to join the netrin-3 positive sensory axons originating in the DRG ( Fig. 1E ; arrowhead). Thus, both the motor axons and sensory axons that make up the spinal nerve are associated with netrin-3 protein suggesting a role for netrin-3 in the fasciculation and/or path®nding of these axons.
At E14.5 (Figs. 2 and 3) and E15.5 (data not shown) netrin-3 protein was present on neurons within sensory ganglia and in axon tracts associated with these ganglia. Fig. 2A ,B demonstrate that within the trigeminal ganglion netrin-3 was found at very high levels in the majority of the neuronal population. Signi®cant levels of netrin-3 protein were also seen on the axons within the central root of the trigeminal nerve ( Fig. 2A,B ; arrows) and the descending trigeminal tract of the pons ( Fig. 2A; arrowheads) . In addition, a population of neurons within the trigeminal nucleus of the pons displayed lower but signi®cant levels of netrin-3 ( Fig. 2C; arrow, D) . Therefore, netrin-3 protein is present on neurons of the trigeminal ganglion, their centrally projecting axons, and the targets of these projections. Peripheral projections from the trigeminal ganglia were also netrin-3 positive. Netrin-3 protein was found associated with the infraorbital nerve (a major component of the maxillary subdivision of the trigeminal nerve), and the whisker row nerves diverging from it ( Fig. 2E; arrows) . Netrin-3 protein was also found in the ring of innervating ®bers surrounding individual whisker pads ( Fig. 2F; arrowhead) .
Netrin-3 was present in the vestibular-cochlear (VIII) ganglion ( Fig. 2A,3A ) and the glossopharyngeal (IX) ganglion (Figs. 2C and 3B) with the most intense localization restricted to the larger neurons as seen for the DRGs (Fig.  1) . Netrin-3 protein was also associated with axons projecting from the vestibular-cochlear ganglion (the nerve to the ampulla of the lateral semi-circular canal) ( Fig. 3A; arrows) . A similar pattern of netrin-3 localization was also noted for sympathetic ganglia and their projecting axons such as those surrounding the descending aorta in the lumbar region ( Fig.  3C,D; arrow) .
Our study demonstrates that netrin-3 protein is present in the population of large-diameter neurons within sensory and Fig. 1 . Localization of netrin-3 protein in the developing mouse neural tube and DRGs. Netrin-3 protein is present on motor neurons within the neural tube (A,E; arrows) and most intensely on the large-diameter neurons in the DRGs at E14.4 (A,C,D; transverse) and E15.5 (F; saggital, dorsal is to the bottom, rostral is to the right, (G) saggital, dorsal is to the right, rostral is to the top). In addition, netrin-3 protein is associated with the axons projecting from these neurons (C,E; arrowheads, D; arrows). (C,D) are higher magni®cation images of the boxed areas in (A) (®rst lumbar level). (E) is a saggital section through the caudal neural tube. Pre-incubation of the antiserum with the immunizing peptide resulted in the complete loss of immunoreactivity (B, insets in F,G). DRG, dorsal root ganglion; nt, neural tube; mn, motor neurons. Scale bars (A) 96 mm; (B) 62 mm; (C,D) 37 mm; (E) 96 mm; (F) 24 mm; (G) 19 mm. sympathetic ganglia. Moreover, the netrin-3 protein is transported along the length of the axonal processes extending from these neurons. Since netrin-3 is tightly associated with the cell surface and axonal membrane it is unlikely that a gradient of netrin-3 protein could be established. To date netrin-1 protein has not been detected in neurites suggesting that netrin-3 and netrin-1 have distinct functional properties. The presence of netrin-3 on these axons suggests a role for this netrin in fasciculation and in axon path®nding. In support of a role for netrin-3 in the formation of peripheral nerve tracts, we have observed signi®cant levels of the netrin receptors, DCC and Neogenin, on axons projecting from sensory neurons (unpublished observations).
Materials and methods
The rabbit polyclonal antiserum was raised against the N-terminal peptide corresponding to amino acids 77±90 of the netrin-3 protein (Genbank/EMBL Accession Number AF149094). Speci®c antibody was detected using a secondary HRP-goat anti-rabbit Ig (Zymed, CA) which was visualized using the DAB Substrate Chromagen Kit (Dako, CA). To demonstrate the speci®city of the antiserum, diluted antiserum (1:200) was pre-incubated with the peptide antigen (100 mg/ml) for 30 min before adding to sections. 
